INTRODUCTION
Glycine N-methyltransferase (GNMT) (EC 2.1.1.20) is a very abundant enzyme in liver, comprising about 1-3 % of the cystolic protein [1] . It catalyses the methylation of glycine by Sadenosylmethionine (SAM) to form sarcosine and S-adenosylhomocysteine (SAH). We have previously discovered that GNMT was identical with a folate binding protein of rat liver [2] , in spite of the absence of the requirement for a folate cofactor in the enzymic reaction. It was subsequently learned that GNMT activity is inhibited by bound folate [3] , and this observation was incorporated into a scheme for metabolic control of methyl-group metabolism [4] . The particular form of folate which is bound to GNMT in vivo is 5-CH3-H4PteGlu5 [5] , with polyglutamates being more inhibitory than monoglutamate forms [3] . Although inhibition of purified GNMT is easily demonstrated in vitro, it would be important to demonstrate that this is also the case in vitro. We have therefore used the aminoacid-defined folate-deficient diet developed by Walzem and Clifford [6] to determine whether GNMT activity is increased in folate deficiency. This diet rapidly produces the effects of folate deficiency, including loss of body weight, and decreased levels of both red and white blood cells.
Because we have shown that the folate pools of mitochondria and cytosol are not in rapid equilibrium when exposure to N20 is used to deplete tissue methionine synthase levels and perturb the distribution of folate coenzymes [7] , we have also examined the effect of early folate deficiency on the distribution of folates in the cytosolic and mitochondrial pools. EXPERIMENTAL Animals and diets Three groups each consisting of 12 male weanling Spraguepair-fed control group and 10.3, 8.8 and 8.0 for the control group ad libitum fed. The activity of GNMT was significantly higher in the deficient group than in either of the two control groups at each time period. This was not due to increased amounts of GNMT protein, but reflected an increase in specific enzyme activity. Levels of folate in both the cytosol and mitochondria were severely lowered after only 2 weeks on the diet. The distribution of folate coenzymes was also affected by the deficiency, which resulted in a marked increase in the percentage of tetrahydrofolate polyglutamates in both cytosol and mitochondria and a very large decrease in cytosolic 5-methyltetrahydrofolate. The increased GNMT activity is therefore consistent with decreased folate levels and decreased inhibition of enzyme activity. Tissue folate assay Liver (2 g) was homogenized in 6 ml of ice-cold H-medium [7] , Abbreviations used: GNMT, glycine N-methyltransferase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; H4PteGlu, tetrahydropteroylglutamate; 5-CH3-H4PteGlu, 5-methyltetrahydropteroylglutamate; 5-HCO-H4PteGlu, 5-formyltetrahydropteroylglutamate; 10-HCOH4PteGlu, 10-formyltetrahydropteroylglutamate.
*To whom correspondence should be sent, at Vanderbilt University. which contained 10 mM 2-mercaptoethanol and 10 mM sodium ascorbate using three up-and-down strokes of a Teflon/glass homogenizer. The suspension was centrifuged at 25000g for 30 min, and the supernatant was removed (this is the cytosolic fraction). The pellet was resuspended in 6 ml of the H-medium with two up-and-down strokes of the homogenizer and again centrifuged at 25000 g for 30 min. The pellet was resuspended in 6 ml of the H-medium (this is the mitochondrial fraction).
Over 95 % of the total folate of the rat liver is accounted for by the amounts present in the mitochondrial and cytosolic cell fractions [9] . We have previously shown that this rapid method of separating the mitochondrial and cellular compartments provides essentially the same values for folate distribution as more complex procedures for separating cellular organelles [10] . Therefore, in the present study, the post-mitochondrial supernatant was designated 'cytosol' and the pellet was designated the 'mitochondrial' fraction.
To the cytosolic and mitochondrial fractions 0.2 vol. of 5 x extraction buffer [100 g/l sodium ascorbate, I M 2-mercaptoethanol, 0.25 M Hepes, 0.25 M 2-(N-cyclohexylamino)-ethanesulphonic acid, pH 7.85] was added, and the tubes were mixed and heated in a boiling-water bath for 5 min to precipitate proteins. The tubes were cooled in ice and centrifuged in a Brinkman model 3200 microcentrifuge for 10 min. The supernatants were treated with rat serum conjugase, and folate coenzymes were separated by h.p.l.c. and quantified by microbiological assay as described previously [7] .
Measurement of SAM and SAH SAM and SAH were estimated by the method described by Cook et al. [11] . Briefly, the tissue was promptly homogenized in cold trichloroacetic acid (100 g/l), and centrifuged in the cold. The supernatant was washed with diethyl ether to remove the trichloroacetic acid, filtered, and SAM and SAH were separated and estimated by h.p.l.c.
Measurement of GNMT
GNMT was assayed in duplicate as described by Cook and Wagner [2] . The tissue was homogenized in 3 vol. of cold 0.25 M sucrose, containing 10 mM phosphate buffer, pH 7.0, 1 mM NaN3 and 10 mM a-toluenesulphonyl fluoride (Eastman Kodak Co.). The homogenate was centrifuged at 20000 g for 30 min, and the supernatant was used for the assay. Measurement of GNMT protein e.l.i.s.a. employed by Cook et al. [11] was used. Briefly, the samples and standards were incubated in 96-well polystyrene plates at 5°C overnight. The samples were discarded, the wells were washed, the blocking solution containing BSA (10 g/l) and 1.0 mM NaN3 in Tris buffer was added, incubated for 30 min at 37°C, and the plates were washed again. Antiserum to GNMT prepared in rabbits was added to the plates, incubated for 30 min at 37°C, and washed. Then biotinylated goat anti-rabbit antiserum (BioGenex Laboratories, Dublin, CA, U.S.A.) was added, incubated for 10 min, and washed. Alkaline phosphatasestreptavidin (BioGenex) solution was added, incubated for 10 min at room temperature, followed by p-nitrophenyl phosphate solution in 1 M diethanolamine/HCl buffer, pH 9.8.
Plates were incubated for 15 min at room temperature, and the colour developed by addition of 25 1ul of 2 M NaOH was read at 405 nm.
Measurement of protein For this, 50 1l of the properly diluted extract (1/50-1 /100) was added to 3.0 ml of Bradford reagent [12] and mixed. The A595 was measured against a blank (50 1l of distilled water added to 3.0 ml of the reagent), and the concentration of protein was obtained from a curve constructed with BSA.
Statistical methods
Results are expressed as means + SEM, and statistical differences were determined by a two-factor ANOVA using the Superanova program (Abacus Concepts). Post-hoc analysis of significance was made by Fisher's protected least-squares difference test.
RESULTS

Food consumption and growth
The mean daily food consumption of the deficient (and pair-fed) groupswas7.2+1.3g, 10.6+0.9g, 12.7+0.4gand 10.8+1.1g for weeks 1-4 of the experiment. For the 'ad libitum' control group the corresponding values were 7.5 + 1.4 g, 12.0 + 1.7 g, 16.3 +0.3 g and 17.8 +0.5 g. There was a difference in mean body weights after 4 weeks between the 'ad libitum' control and the other two groups. The average weight gain for each group over the last 8 days of the experiment was different, being 1.06, 2.66 and 7.07 g per day for the deficient, pair-fed control and 'ad libitum' control groups, respectively. Table 1 shows the effects of folate deficiency on the levels of total folate in the cytosol and mitochondria after 2, 3 and 4 weeks. The For measurement of GNMT protein in the liver supernatant, the Each value is the mean+ SEM of four rats after 2, 3 and 4 weeks on corresponding diets. The level of SAM is significantly lower in the deficient group (P < 0.01), except for week 3, where the difference between deficient and pair-fed control groups is not significant. In week 2, the pair-fed control group has a significantly higher SAM level (P < 0.02), otherwise there is no significant difference between the two control groups. The SAH values are significantly higher (P < 0.005) and the SAM/SAH ratio is significantly lower (P < 0.003) in the deficient group, and there is no significant difference in these values between the ad libitum and pair-fed control groups. deficiency, whereas there was little difference between the levels of the two control groups. There is evidence that many methyltransferases may be regulated by the ratio of SAM to SAH, rather than their absolute levels in the cell [13] . Table 3 shows that folate deficiency caused a marked decrease in the SAM/SAH ratio even after 2 weeks.
Folate levels
Activity of GNMT
When GNMT activity was measured in the unfractionated liver cytosol of the deficient rats, it was much higher than in either control group at every time point (Table 4) . In order to determine whether this was due to an increase in the specific activity of the enzyme (i.e. decreased inhibition), or whether it was due to an actual increase in the amount of GNMT protein, we used an e.l.i.s.a. method to quantify the amount of GNMT immunologically. (Table 2) in folate deficiency provides another example of the 'compartmentation' of folate between cytosol and mitochondria. This was first discovered when exposure of rats to N20 in order to deplete the B12-dependent methionine synthase had a differential effect on the distribution of folate coenzymes in the cytosol and mitochondria [7] . The percentage of 5-CH3 H4PteGlu is markedly decreased in the cytosol, but remains unchanged in the mitochondria. These results also show that the amount of 5-CH3 H4PteGlu in the cytosol at week 4 has fallen from 10.2 to 0.07 nmol/g of liver.
The control folate levels reported here are somewhat higher than those we reported previously [7] which is probably due to the higher levels of dietary folate (8 mg/kg of diet) in this study, compared with 2-3 mg/kg in the diet in the previous study. The results described in Table 4 clearly show that the specific enzyme activity of GNMT was increased in the folate-deficient group. This is based on the results of immunologically measured enzyme. These data indicate that the regulation of GNMT activity, which we have postulated on the basis of studies of enzyme inhibition in vitro [3] , also operates in vivo. GNMT is a cytosolic enzyme [5] , and there is a 100-fold decrease in the amount of 5-CH3 H4PteGlu in the cytosol after 4 weeks of deficiency.
It is also noteworthy that there appears to be an effect of food deprivation on the amount of immunologically measured GNMT. After the first 2 weeks, the amount of GNMT of the deficient and pair-fed groups was about half that of the 'ad libitum' fed control group. Values for the latter did not change during the course of the experiment. On the other hand, values for the pair-fed control and deficient groups both increased until week 4. It is not clear why food restriction should have a differential effect on the amount of GNMT present in the cell. However, Ogawa and Fujioka [14] showed that GNMT was induced by giving a casein-based diet, containing 3 % methionine in place of the normal 0.5 %. Although animals lost weight on this diet, there was a 2.7-fold increase in the amount of immunoprecipitable GNMT.
Another possible consequence of food restriction is the induction of gluconeogenesis. Xue and Snoswell [15] have shown that in alloxan-diabetic sheep liver GNMT activity was increased 165-fold. We have observed (C. Wagner, unpublished work) a 2-fold increase in GNMT activity of rat liver brought about by fasting or by alloxan-diabetes. Phosphorylation of purified rat liver GNMT by cyclic-AMP-dependent protein kinase also resulted in an increase in GNMT activity [16] . Phosphorylation of GNMT may therefore be responsible for the significant increase in specific enzyme activity in the pair-fed control group (Table 4) as compared with the 'ad libitum' control group at the end of week 2. It would be interesting to measure the extent of phosphorylation of GNMT in these groups. Such measurements require the isolation ofsufficient amounts ofchromatographically pure protein to permit the chemical determination of covalently bound phosphate [16] . Much larger amounts of tissue would be needed than were available from these experiments.
The abundance of GNMT in the liver [1] , plus the fact that sarcosine, the product of glycine methylation, has no physiological role, gave rise to the suggestion that the function of GNMT is to regulate tNo ratio of SAM to SAH. As described in Scheme 1,  [3] , together with the well-known inhibition of 5-CH3-H4PteGlu synthesis by SAM [17] , led to the realization of the reciprocal relation between these two metabolites, i.e. that utilization of SAM is inhibited by 5-CH3-H4PteGlu, and synthesis of 5-CH3-H4PteGlu is inhibited by SAM. This serves to link the synthesis of methyl groups de novo from the C1 folate pool to the availability of pre-formed dietary methyl groups in the form of methionine.
This regulatory mechanism is sensitive to changes in the relative amounts of 5-CH3 H4PteGlu. If the amount of dietary methionine is limited, the amount of SAM will be decreased. This will decrease the inhibition of 5,10-methylene-H4PteGlu reductase and more 5-CH3 H4PteGlu will be formed. The elevated 5-CH3 H4PteGlu will inhibit GNMT to conserve the decreased amounts of SAM for the physiologically important methylation of the compounds designated as X.
In the experiments described here, there is a marked decrease in the total folate pool as well as in the percentage of 5-CH3-H4PteGlu. The decrease in 5-CH3 H4PteGlu results in an increase in the specific enzyme activity of GNMT (Table 4 ). This is reflected in the decreased concentration of SAM in the folatedeficient group (Table 3) . Because the total folate pool is decreased, the decreased concentration of SAM cannot regenerate 5-CH3 H4PteGlu from the C1 folate pool, however, as would be the case in folate-adequate animals. In folate deficiency, there should therefore be a decreased activity of methionine synthase and accumulation of homocysteine. The equilibrium of the SAH hydrolase favours SAH synthesis [18] and an elevation of SAH levels is seen in the deficient group (Table 3) . The decreased SAM and increased SAH result in a lowered SAM/SAH ratio, i.e. the so-called 'methylation ratio' [13] . Because this ratio is thought to have a regulatory effect on a wide variety of methylation reactions [19] , folate deficiency may result in a broad range of secondary effects.
